Enterobacter cloacae (strain D F 13) was found to produce a bacteriocin which could be induced by mitomycin C. In the supernatant fluid of the induced culture phagelike particles were found. The bacteriocin was partially purified from induced cultures by ammonium sulfate precipitation and gel-filtration on Sephadex G-150. Ultraviolet-absorbing material was eluted from the Sephadex column in three fractions. The biological activity was mainly present in the second fraction and is associated with a protein with a molecular weight of about 61,000. The phagelike particles were found in the first fraction and show no biological activity. Upon con jugation of E. cloacae strain DF13 with another strain of the same species and with Escherichia coli K-12S, the ability to produce bacteriocin was transferred. The new bacteriocinogenic strain produced bacteriocin, which could not be distinguished from that produced by E. cloacae strain DF13. Although transfer of the bacterio cinogenic factor often occurred together with transfer of the ability to produce phagelike particles, it was shown that these two factors are two separate genetic entities. In addition to a bacteriocinogenic factor, E. cloacae strain DF13 was found to carry two other transferable plasmids: one determining resistance against streptomycin and sulfanilamide and another determining resistance against penicillin.
Bacteriocins are highly specific antibiotics produced by many bacteria and are active against strains of the same or related species. Many bacteriocins have been described and classified (26) , but only a few of them have been studied in detail. The characteristic property of bacteriocins is their ability to kill sensitive cells, but not to multiply within them. Bacteriocins are produced spontaneously or after induction. The ability to produce colicins is determined by a genetic factor (colicinogenic factor) which behaves as a cytoplasmic element and which can be transferred from colicinogenic to noncolicinogenic bacteria by conjugation (6, 25) . Many bac teriocins have been found in lysogenic or defect lysogenic strains. Fredericq (12) and Ivanovics (16) suggested that bacteriocins may represent the products of defective lysogeny and therefore may vary from simple proteins to complete phage particles.
In an electron microscopic examination of colicinogenic strains, Kellenberger and Kellenberger (19) found many phagelike particles but could not identify the structural components as being the bacteriocinogenic principle. Partially purified preparations of colicin 15, an inducible bacteriocin from Escherichia coli WT15, show an abundance of phagelike particles and intact phages (9, 27) . Thus, E. coli WT15 is a defective lysogenic strain, and colicin 15 is a bactericidal component of its phage. A purified pyocin iso lated from Pseudomonas aeruginosa strain R, homogeneous in ultracentrifugal analysis (18) , consisted of headless tails of contractile bac teriophages (17) . Other phagelike particles, which are apparently identical to bacteriocins, have been isolated from several Bacillus species (3, 29, 30) . More recently, Bradley and Dewar (4) de scribed the structure of phagelike particles from bacteriocinogenic strains of E. coliy P. aeruginosa, and Listeria monocytogenes. They concluded that some of these phagelike particles are responsible for the bacteriocinogenic activity. On the other hand, some bacteriocins are known which are apparently proteins with relatively low molecular weight. Megacin, a bacteriocin produced by B. megaterium, has a molecular weight of about 51,000 (15) , and colicin A, a bacteriocin produced by Citrobacter freundii CA31A, has a molecular weight of 50,000 (2) . These preparations have not been investigated under an electron microscope.
If bacteriocins represent the products of defec tive lysogeny (12, 16) , it will be necessary to accomplish isolation and purification of bac teriocins by use of electron microscopy; if bacteriocinogeny is associated with the production 632 DE GRAAF ET AL. J. B a c t e r i o l of phagelike particles, the relation between both should be clarified. This was the purpose of our study. In this paper, the purification of a previ ously detected (31) bacteriocin produced by Enterobacter cloacae is reported. In addition to the bacteriocin of relatively low molecular weight, this strain also produces phagelike par ticles without bacteriocinogenic activity. By con jugation experiments, it could be shown that bacteriocinogeny can be transferred with or with out the ability to produce phagelike particles. It is concluded that in this case the bacteriocin is not a product of the multiplication of the phage like particles.
M aterials and M ethods
Organisms. The characteristics of the organisms used arc presented in Table 1 . E. cloacae strain DF13 was found to be resistant to 2,400 ¿zg of penicillin per ml and to 500 /ng of streptomycin per ml in Brain Heart Infusion medium and to 800 ¿¿g of sulfanila mide per ml in minimal medium supplemented with 1% Casitone. The strain is sensitive to tetracycline, kanamycin, and chloramphenicol. Strain S478 was isolated from strain S458 after mutagenesis with N-methyl-jV'-nitro-A'-nitrosoguanidine by the method of Adelberg, Mandel, and Chen (1).
Media. Cultures were usually grown in dialyzed Turbidity. The turbidity (E) of growing cultures or suspensions of bacteria was measured at a wave length of 660 m/i with an Unicam SP 600 spectro photometer with 1-cm glass cells (Unicam Instru ments Ltd., Cambridge, England).
Chemical analysis. Protein was determined by the method of Lowry (21) with the use of Folin's reagent; deoxyribonucleic acid (DNA), by the method of Burton (5) ; ribonucleic acid (RNA), by the method of Mejbaum (23); and sugars, by the method of Scott and Melvin (28) .
Assay o f the killing activity o f bacteriocin. a The lollowing abbreviations are used: arg, thy, ura, met, and his indicate strains which grow on minimal medium supplemented with arginine, thymine, uracil, methionine, or histidine respectively (all at 20 Mg/ml except thymine and uracil, which are provided at 10 Mg/ml), no designation indicates strains able to grow without supplement; symbols placed in parentheses represent plasmids or properties which are located on a plasmid; str-r, sul-r, and pen-r indicates resistance to streptomycin (200 jug/ml), sulfanilamide (800 Mg/ml), and penicillin (2,400 jug/ml), respectively. Bac DF13 is a genetic factor deter mining the production of bacteriocin DF13. Bac DF13-r indicates a strain isolated as resistant to the bacteriocin DF13 from strain S458. 6 
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of bacteriocin were tested by a modification of the method described by Fredericq (10, 11) . A 3-ml amount of soft agar at 50 C, seeded with 0.1 ml of a fresh culture of the indicator strain S 15 (diluted to E = 0.200 in BHI medium), was layered upon 20 ml of Brain Heart Agar. Drops (0.03 ml) of suitably diluted sample were spotted on the surface of the plates. After incubation overnight at 25 C, the bac teriocin titer was estimated. The bacteriocin titer (called "killing units" in this paper) was arbitrarily defined as the highest dilution which gave a clear inhibition zone. The specific activity of a bacteriocin solution is defined as "killing units" per milligram of protein.
For determination of the activity spectrum of the bacteriocin, we used the same double-layer method with various indicator strains as described by Stouthamer and Tieze (31) .
Preparation and purification o f bacteriocin. A 300-ml amount of an overnight culture of E. cloacae strain DF13 (S 458) was inoculated into 5 liters of fresh BHI medium in a Micro Ferm Laboratory Fermentor, model MF 114 (New Brunswick Scien tific Co., New Brunswick, N.J.). The culture was incubated at 37 C with constant stirring (200 rev/min). The aeration rate was adjusted to 2 liters of air per min. When the turbidity of the culture had increased to extinction 0.5, mitomycin C (1.0 /ug/ml) was added and incubation was continued for 10 min. The cells were then harvested by centrifugation and resus pended in fresh prewarmed BHI medium; incubation was continued for 3 hr. After this period, chloroform (7 ml/liter) was added, and the mixture was stirred for 5 min. Cells were removed by centrifugation at 23,000 X g, and ammonium sulfate was added to the supernatant fluid to obtain 40% saturation. After centrifugation of the precipitate, more ammonium sulfate was added to 60% saturation. The precipitate was allowed to stand overnight, and then was col lected by centrifugation and dissolved in Tris buffer (/;H 7.0). The concentrated bacteriocin solution was then dialyzed against the same buffer for 24 hr in cellophane tubing. This solution will be referred to as "crude bacteriocin." For further purification, 10 ml of "crude bacteriocin" was applied on a column of Sephadex G-150 (3 by 40 cm), which had previously been equilibrated with 0.05 m Tris buffer (pH 7.0). The column was then washed with the same buffer. Fractions were collected on an LKB 3400 B RadiRac fraction collector, and ultraviolet absorption at a wavelength of 280 m/x was measured with an Uvicord II LKB 8300, equipped with a LKB 6520 A Chopper Bar Recorder (LKB-Produkter AB, Stockholm, Sweden). All experiments were carried out at 4 C.
Electron microscopy. The supernatant fraction of a mitomycin C-induced culture was centrifuged for 1 hr at 57,000 X g. The pellet was suspended in 0.1 m am monium acetate. Negatively stained specimens were prepared by depositing a drop of the sample solution on a carbon-coated grid. After 1 min, the excess of the solution was withdrawn by touching the edge of the grid with filter paper. Then a drop of a 2% solution of phophotungstic acid adjusted to pH 7.0 with potassium hydroxide was deposited on the grid and withdrawn after 1 min. When dry, the specimens were ready for electron microscopy. A Philips E.M. 200 electron microscope was used.
Estimation o f molecular weight. The molecular weight of bacteriocin was estimated by the metnod of Martin and Ames (22) . Catalase (52<m v = 11.35) was used as standard enzyme (22) . Samples to be tested were centrifuged until clear and mixed with catalase (10,000 units/ml, final concentration); 0.10 ml of this mixture was layered on 4.6 ml of a linear sucrose-gradient (5 to 20% sucrose in 0.05 m Tris buffer, />H 7.0). After centrifugation for 16 hr at 135,000 X g at 4 C, the centrifuge tube was punctured, and fractions of equal volume were collected. Each fraction was diluted with 2 ml of a 0.9% NaCl solu tion and analyzed for bacteriocin and catalase activity. Catalase was assayed by following the decrease in absorbancy at a wavelength of 240 m/i of a 2.5-ml reac tion mixture containing 1.0 ml of potassium phosphate buffer, pH 7.5 (30 /um), 1 ml of H20 2 solution (36 /iM), and 0.5 ml of the diluted fraction, during 100 sec. Reactions were carried out in a Unicam SP 800 ultraviolet spectrophotometer (Unicam Instruments Ltd., Cambridge, England). The sedimentation coefficient (or approximate molec ular weight) of the bacteriocin was determined by a simple ratio of mobilities of bacteriocin and catalase.
Transfer o f bacteriocinogeny. Transfer experiments were carried out by means of the mixed culture method of Ozeki, Stocker, and Smith (25) , modified in accordance with the results of Mulczyk and Duguid (24) . The donor and acceptor bacteria could be dis tinguished by nutritional deficiencies of the donor or of both of them. All experiments were done at 37 C. Bacteria were grown in BHI medium for 18 or 48 hr, and then 6 ml of the donor culture was mixed with 2 ml of the acceptor culture. The mixture was incubated for 24 hr. After that, the culture was centrifuged, the sediment was resuspended in 0.9% NaCl solution, and 0.1-ml amounts of serial 10-fold dilutions were spread on plates of minimal salts-agar, supplemented, if necessary, with appropriate nutrients to allow growth of the acceptor bacteria only. The selective plates were incubated overnight, after which all colonies from a number of plates were reinoculated on plates of the same medium. Fifteen inocula at regular distances were used on each plate. After overnight incubation, the bacteria were killed by chloroform vapor. The plates were overlayered with 3.5 ml of soft agar, seeded with about 107 indicator bacteria. For isolation of acceptor cells which had also acquired resistance against antibiotics, a similar method was followed, except that before being killed colonies were replicated on selective plates appro priately supplemented with antibiotics and incubated overnight.
For rapid isolation of recipient cells which had received antibiotic resistance, the method of Datta, Lawn, and Meynell (7) was used. Donor and acceptor cells were grown for 6 hr in BHI, and then 1 ml of each was added to 8 ml of fresh broth and incubated for 24 hr. After that time, 0.1-ml amounts of serial 10-fold dilutions of the mixture were spread on a set of plates of minimal salts-agar with nutrients and 634 DE GRAAF ET AL.
J. B a c t e r i o l antibiotics to allow selection of acceptor bacteria which had acquired resistance against antibiotics. Then, individual colonies were isolated and tested lor bacteriocin production.
R esults
Production o f bacteriocin. In BHI medium, cells of E. cloacae strain DF13 produced bac teriocin spontaneously. The amount of bac teriocin produced was relatively small; the supernatant fluid contained about 20 killing units/ml. Later, we found that mitomycin C could induce bacteriocin production, as has been described in a number of other cases (8, 20, 29) . About 1 jug/ml was most eflicient for induction of bacteriocin formation in actively growing cultures. The time course of the production is shown in Fig. 1 . After removal of mitomycin C, the turbidity of the culture increased steadily for about 45 min, and then suddenly fell, after which growth started again. During the first period in which the turbidity increased, there was no rise in the number of colony-forming cells. In this period, the formation of filamentous cells, as recently de scribed by Suzuki, Pangborn, and Kilgore (32), was observed. The amount of bacteriocin liber ated quickly rose after removal of the mitomycin C and then remained constant for several hours, after which the bacteriocin concentration de creased. Usually, about 10,000 killing units per ml of supernatant fluid were attained. Induction with 0.1 fjig of mitomycin C per ml gave a bac teriocin production which was about one-tenth as great; with concentrations higher than 1.0 jug of mitomycin C per ml, no increase in bacteriocin production could be attained.
Partial purification o f the bacteriocin. Purifica tion of the bacteriocin was performed as de scribed in Materials and Methods. During gel filtration of "crude bacteriocin" on Sephadex G-150, the sample was separated into three fractions having ultraviolet absorption at 280 mp. (Fig. 2 ). The first fraction shows a small bac teriocin activity in addition to a high ultraviolet absorption. The major part of the bacteriocin activity is eluted in the second fraction with low ultraviolet absorption. The third fraction has no biological activity. Table 2 shows the specific activity at several steps of the purification proce dure. As can be seen from this table, the specific activity increases 10-fold after ammonium sulfate • / precipitation and once again seven times after izel filtration. The identity of the bacteriocin during the purification is controlled by the ac tivity spectrum. This spectrum is quite the same for the supernatant fluid, the "crude bacteriocin," and the purified bacteriocin eluted as the second fraction by gel filtration.
Upon investigation of the three fractions under an electron microscope, phagelike particles were found in the first fraction. In the second and third fractions, no phagelike particles nor other structural components could be detected.
Chemical nature o f the bacteriocin. Biological activity of partially purified bacteriocin prepara tions is completely destroyed by incubation with trypsin. These preparations contain large amounts of protein as estimated by the Lowry test (21) . (28) are either completely absent or are present in negligible amounts (less than 2.5% of the amount of protein). We may conclude that the bacteriocin is a protein.
Estimation o f molecular weight. To estimate the molecular weight of the bacteriocin, the sedi mentation behavior of bacteriocin and catalase was studied in a sucrose gradient. The distribu tion of bacteriocin and catalase activity after centrifugation is shown in Fig. 3 . From eight experiments, the sedimentation constant S -> 0iW of the bacteriocin could be calculated as 4.4 dt 0.25 at 3 C. Assuming a partial specific volume of 0.73 cm3/g, the molecular weight of the bac teriocin can be calculated as 61,000 db 4,000.
Detection o f phcigelike particles by electron m i croscopy. As can be concluded from the literature (4, 9, 17, 19, 27, 29, 30) , cultures of some bacteriocinogenic bacteria contain detectable num bers of phagelike particles. After induction with mitomycin C (1.0 /ig/ml), the culture lysate of E. cloacae strain DF13 was therefore investigated under an electron microscope. After negative staining, we found phagelike particles (Fig. 4C ). On the sheath, we could distinguish annuli, coarse helices, a base plate, and very delicate tail fibers. As can be seen (Fig. 4A) , the tail is contractile. After contraction the core is ex posed. Thus, this phage fits into the first class of morphological phage types of Bradley (3). The head exhibits a six-sided outline, which is best preserved (Fig. 4B ) by addition of 5 X 10~3 m MgClo to the culture medium, as described by Seaman et al. (29) . If the head is empty, we can see within it a basal knob on the proximal end of the core. Two variants of this phage exist with respect to the dimensions of the head. Between 85 and 90% of the measured par ticles have a head with an axial diameter of 350 A (Fig. 4A, C) , and 10 to 15% have a head with an axial diameter of about 540 A (Fig. 4B ). head morphology, the tail morphology, and the dimensions of the tail, there is no apparent differ ence between the two variants. We will refer to both variants as phage type DF13.
Apparently intact phages were found relatively rarely. Most of the particles were incomplete, so we found phages with full or empty head and contracted sheath (Fig. 4A) , empty heads without tail (Fig. 4B) , and tails with extended or con tracted sheath without a head (Fig. 4A, E) . All dimensions are given in Table 3 .
E. cloacae strain 02, which was used as accep tor strain in transfer experiments, has also been investigated in the same manner. In this strain, too, we found phagelike particles with contractile tails. We never found an intact phage, but found mostly empty heads and very rarely (2% of all observed phagelike particles) a phage with empty head and contracted sheath (Fig. 4D) . The dimensions are given in Table 3 . We will refer to this phage as phage type 0 2 .
The differences between phage type DF13 and phage type 02 are found mainly in the dimensions of their tails (Table 3 ). Furthermore, the surface of the head of phage type 02 shows a triangular annulus, and the core does not have a basal knob at its proximal end (Fig. 4D) .
It must be emphasized that although intact phagelike particles are observed in culture lysates of E. cloacae strain DF13, we have been unable, until now, to find a suitable host for the multipli cation of these phagelike particles. Thirty-five strains of Klebsiella species, five strains of E. cloacae, and four strains of Escherichia co/i have been tested by the double-layer method for de tection of plaque formation without success. All these strains have been used previously (31) for determination of the activity spectrum of bacteriocin.
Transfer experiments. As shown in Table 4 , transfer of bacteriocinogeny is possible from E. cloacae strain DF13 to E. cloacae strain 0 2 with frequencies varying between 65 and 90% of the total final acceptor population. The results of different transfer experiments indicate that the highest transfer is reached if the precultures are in the postlogarithmic phase before mixing. Overnight incubation of the mixture for 18 hr is then sufficient to obtain a high transfer ( Table 4) .
Transfer of the bacteriocinogenic factor occurs frequently in combination with transfer of re sistance against streptomycin, sulfanilamide, and penicillin. The results of an analysis of all the tested colonies from a transfer experiment are shown in Table 5 . It is evident that the frequency of transfer of resistance against these three anti biotics is also very high. Transfer of bacteriocinogeny or resistance against antibiotics by means of a culture filtrate, induced or not induced, was not possible, indi cating that transfer cannot be due to transduc tion by the DF13 phage. It may be concluded that, in all these cases, transfer is due to conjuga tion.
As mentioned above, in our transfer experi ments the donor and acceptor cells could be dis tinguished by nutritional deficiencies. In most experiments, the acceptor strain needed methi onine or histidine for growth. In none of these experiments was transfer of bacteriocinogeny and streptomycin resistance found to be accompanied by chromosome transfer. A chromosome transfer with frequencies lower than 10-8 could not be detected because our mutants revert with this frequency. Also, in many other experiments with strains with other nutritional deficiencies no chromosome transfer was observed (unpublished data). Thus, we may conclude that transfer of chromosome material does not occur in this con jugation system. From the high frequency of transfer of bacteriocincgeny and the absence of transfer of chromosome material, we may conclude that bacteriocinogeny is determined by a plasmid, as had been demonstrated before for colicin produc tion in E. coli (6, 25) . Similarly, resistance against these three antibiotics must be explained by the presence of a resistance-transfer factor. Separate transfer of resistance against streptomycin and sulfanilamide was never observed. These two properties are most probably located on one single factor. Transfer of penicillin resistance is sometimes observed without transfer of the bacteriocinogenic factor and without transfer of the resistance against streptomycin and sul fanilamide ( Table 5 ). Thus, penicillin resistance seems to be located on a separate plasmid. Trans fer of the factor determining resistance against streptomycin and sulfanilamide without transfer of the bacteriocinogenic factor was not observed in the experiment of Table 5 .
The separate transfer of these factors was observed by the rapid selection method for transfer of streptomycin resistance. This method lowers the transfer frequency to about 5 x 10_c. Therefore, this method is not suitable for detec tion of transfer of bacteriocinogeny alone, as very high numbers of individual colonies would have to be tested. However, it is satisfactory as a rapid test for transfer of resistance against strepto mycin, whether or not it is accompanied by transfer of the bacteriocinogenic factor.
Most of the resulting streptomycin-resistant colonies were found to have also received the bacteriocinogenic factor ( Table 6 ). In the same way, transfer of the bacteriocinogenic factor in addition to the factor determining streptomycin resistance was observed in Enterobacter cloacae strain DF13 X E. coli K-12S crosses. Further more, it was observed that E. cloacae strain 0 2 J. B a c t e r i o l . stocks which had received both bacteriocinogeny and streptomycin resistance could transfer their factors to other mutants of E. cloacae strain 0 2 ( Table 6) .
Investigation o f isolated recipient cells. From a number of crosses, acceptor cells were isolated which had received one or another of the factors studied. From some of these strains (S 231, S 232, S 237, S 239), the bacteriocin production was induced and the bacteriocin was purified. The elution profile of gel-filtration of "crude bac teriocin" preparations of these strains on Sephadex G-150 was exactly identical with that of the wild type (Fig. 2) . Furthermore, the activity spectrum of the purified bacteriocin and its molecular weight were also exactly the same as of the wild type. The purification procedure was also applied to strain S 238, which acquired re sistance against streptomycin and sulfanilamide but did not produce bacteriocin. In the elution profile of gel filtration of the ammonium sulfate-precipitated supernatant fluid of this strain, the second protein peak is absent.
By means of electron microscopy, the isolated strains were investigated on reception of the ability to produce phage type DF13. This was possible as the dimensions of the phages pro duced by E. cloacae strains DF13 and 0 2 are different ( Table 3 ). The results of the various Enterobacter crosses for ability to produce phage type DF13 are shown in Table 7 . A number of these cells have indeed received the ability to produce this phage, but there is no correlation between this ability and bacteriocinogeny. Neither has the resistance against antibiotics any correlation with these two factors.
If E. co/i K-12 S, which is completely free from any prophage, is used as acceptor, this method is easier. Four cells which had received the ability to produce bacteriocin were investi gated for the production of phage type DF13. The supernatant fluid of two of them contained empty heads only; in the supernatant fluid of the other two, we could not observe phagelike particles. D is c u s s io n E. cloacae strain DF13 has been found to produce a bacteriocin inducible by mitomycin C. The culture lysate of an induced culture contains a considerable number of phage like particles and intact phages. For purification of the bacteriocin, we made use of gel filtration to separate these phagelike particles from substances of lower molecular weight. The bacteriocin was eluted separately from the structural components and has a molecular weight of about 61,000, showing similarity to the molecular weights of megacine and colicin A (2, 15) . These results suggest that we must distinguish between real bacteriocins with relatively low molecular weight and defect lysogenic phages with intact killing capacity. Thus, we may conclude that at least three types of bacteriocinogenic bacteria exist: (i) bacteria producing phagelike particles which represent the bactericidal principle, (ii) bacteria producing bacteriocins of relatively low molecular weight; (iii) bacteria producing bacteriocins in addition to phagelike particles without killing activity.
The transfer experiments show that bacterio cinogeny in E. cloacae strain DF13 is determined V o l. 95, 1968 BACTERIOCIN PRODUCTION IN E. CLOACAE 639 by a plasmid, which can be transferred by conju gation. As transfer was most successful if postlogarithmic donor and acceptor cultures were used, the conjugation system is somewhat similar to that described by Mulczyk and Duguid (24), A'ho studied the kinetics of transfer of the colicinogenic factor col I-CT2 in crosses between a colicinogenic strain of Shigella flexneri and a noncolicinogenic strain of the same species. Some of the recipient cells which have received the bacteriocinogenic factor or resistance factors also have received the ability to produce the defective phage of the donor. However, not all of the strains which have received bacteriocinogeny produce the defective phage of the donor, and some strains, which have received the ability to produce defective phage, have not received bacteriocinogeny. Thus, bacteriocin formation and production of the defective phage are de termined by separate genetic entities. Our results exclude the possibility that the bacteriocin is a product formed during the multiplication of the defective phage. If the bacteriocin was a product formed during this multiplication, it might be expected that both bacteriocin and phagelike particles would be determined by one single genetic entity. However, this result does not invalidate the hypothesis of Fredericq (12) and Ivanovics (16) , that bacteriocins are the products of defective lysogeny. The possibility cannot be excluded that the bacteriocinogenic factor is another defective prophage, which is only cap able of producing that part of a phage that is responsible for the killing of sensitive bacteria.
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